A sensitive RT-PCR display technique was used to examine the expression of protein tyrosine phosphatases (PTPs) during the differentiation of mouse embryonic stem (ES) cells. The majority of PTPs are expressed constitutively but one is present only in undifferentiated ES cells. This PTP was cloned and named ES cell phosphatase (ESP). ESP mRNA is detectable in oocytes and throughout early mouse embryo development. At early egg cylinder stages, transcripts are localised in the pluripotential epiblast. As gastrulation commences, however, epiblast expression is lost. Transcripts are present transiently in newly formed embryonic mesoderm. These data suggest that this transmembrane signaling molecule is associated with developmental lability in early embryogenesis.
Introduction
Many of the key decisions in the life of a cell, such as whether to grow, divide or differentiate, are regulated by phosphorylation of cellular proteins, particularly, on tyrosine residues. Phosphorylation is a reversible process that is dependent on the opposing activities of kinases and phosphatases. While many studies have implicated protein tyrosine kinases in signaling pathways underlying a variety of developmental processes (detailed reviews may be found in the volume by Pawson and Hunter, 1994) , there have been few studies to date where the role of protein tyrosine phosphatases (PTPs) in development has been specifically addressed.
Genetic evidence for the importance of PTPs in mouse development comes from the finding that mutations at the motheaten locus, which encodes a PTP known as SHPTPl, result in developmental and functional defects in multiple hematopoietic cell lineages (Shultz et al., 1993; Tsui et al., 1993) . Biochemical analyses suggest that the * Corresponding author. Tel.: +44 131 6505890; fax: +44 13 I 6670164; e-mail: ausmith@srvO.bio.ed.ac.uk hematopoietic abnormalities observed in motheaten mice result from impaired negative regulation of several PTK signaling pathways (reviewed by Neel, 1993) . The role for PTPs in down-regulating signaling pathways activated by PTKs is obvious. However, PTPs can also exhibit agonistic roles in signal transduction, for instance, by functioning as activators of the Src family kinases (Zheng et al., 1992; den Hertog et al., 1993) . Furthermore, a PTP known as SH-PTP2 (also known as Syp or PTPlD) can couple growth factor or cytokine binding to activation of the Ras/MAP kinase signaling pathway, one of the key routes by which mitogenic signals are transmitted from the cell surface to the nucleus (Li et al., 1994; Stahl et al., 1995; Tang et al., 1995) .
We are investigating the possibility that PTPs may play a role in signaling events that regulate cell fate during gastrulation in the mouse embryo. Embryonic stem (ES) cells, which are non-transformed cell lines derived from the inner cell mass of mouse blastocysts, provide a system with which to study the molecular events that maintain the pluripotentiality of early embryo stem cells or induce differentiation. These cells remain responsive to regulatory cues that govern development in vivo because, when reintroduced to the blastocyst, they contribute differentiated progeny to all tissues, including the germline (reviewed by Smith, 1992) . Therefore, molecules which are demonstrated to regulate the viability, proliferation or differentiation of ES cells may be anticipated to be involved in stem cell regulation in the early embryo.
In this paper, we show how the application of a gene family-specific display technique has led to identification of a developmentally regulated PTP in mice called ES cell phosphatase (ESP) . Expression of ESP is closely associated with the undifferentiated state of ES cells in vitro. In the pre-gastrulation embryo, ESP is expressed in the pluripotential epiblast. In the adult, ESP mRNA is expressed in gonadal germ cells. This pattern of expression is suggestive of a role for ESP in the maintenance of pluripotency .
Results

Expression of PTP gene family members during ES cell differentiation and identification of a PTP that is associated with undifferentiated stem cells
A technique based on fingerprinting of cDNAs (Boehm, 1993) was used to display the expression profile of PTP gene family members during the differentiation of ES cells. Briefly, reverse transcription-polymerase chain reaction (RT-PCR) is performed using degenerate oligonucleotide primers, one of which is labelled at the 5' end. The primers are designed to recognise two sequence stretches that are conserved amongst known PTPs. The PCR products are subjected to digestion with a frequentcutting restriction enzyme and fractionated on a polyacrylamide gel. This permits the autoradiographic display of a series of bands, each of which corresponds to the terminal digestion fragment for a unique member of the PTP gene family. Bands of interest can be cloned following elution from a preparative gel and reamplification (Lee, 1996) . Using total RNA prepared either from pure populations of undifferentiated ES cells or from cultures induced to enter a uniform differentiation program, around 20 distinct PTP cDNAs could be amplified and displayed (Fig. 1) . This result was consistently reproducible using independent RNA samples from two different ES cell lines. Most of the cDNAs were common to both populations of cells. However, one PTP cDNA (designated PTPAlull9 in Fig. 1 ) was amplified only from RNA samples from undifferentiated ES cells and not from their differentiated derivatives. To reflect its ES cell association, the mouse gene for this PTP was designated ESP (for embryonic stem cell phosphatase).
Cloning offull-length cDNA for ESP
The PTPAlu119 fragment was cloned and used as a probe to screen ES cell cDNA libraries. Several overlapping cDNAs were isolated. Sequencing analysis revealed a single open reading frame of 5065 nt encoding a transmembrane PTP of 1705 amino acid residues (Fig. 2) . The nucleotide sequence has been deposited in the Genbank database (accession no. U36488). The putative initiator methionine is followed by a typical signal peptide. Using consensus rules of sequence cleavage sites, alaninei8 is predicted to be the first amino acid of the mature protein (von Heijne, 1986) . Hydropathy analysis (Kyte-Doolittle) revealed a second cluster of hydrophobic residues (amino acid residues 1070-l 102) (Fig. 2B) . These 33 residues constitute a potential membrane spanning region and are followed by a series of predominantly basic residues, a feature characteristic of a stop-transfer sequence (Boyd and Beckwith, 1990) . The deduced amino acid sequence predicts a mature protein of 1689 amino acyl residues with a calculated molecular mass of 185 kDa. It possesses a single membrane spanning region (33 residues), an extracellular segment of 1052 amino acyl residues and an intracellular portion of 603 residues.
As depicted in Fig. 2 , the extracellular domain of the predicted ESP protein is organised into 10 fibronectin type III repeats, a feature seen in many cell adhesion molecules and extracellular matrix proteins as well as in other transmembrane
PTPs. In addition, there are 19 potential N-linked glycosylation sites (N-X-S or N-X-T) suggesting that ESP protein might be highly giycosylated.
The predicted cytoplasmic segment contains two tandemly arrayed PTP domains (designated domains I and II in Fig. 2 ). Domain I contains the canonical 1 l-residue PTP signature motif that is characteristic of all functional PTP domains. In domain II, however, this motif is highly divergent and lacks the invariant cysteine and arginine residues thought to be essential for catalysis (Guan and Dixon, 1991; Zhang et al., 1994) . It is therefore predicted that domain II is enzymatically inactive. The presence of tandem PTP domains is a common feature of transmembrane PTPs, but an inactive second domain has only been reported previously in two cases, HPTW (Kaplan et al., 1990) and PTP< (Krueger and Saito, 1992) .
While this work was in progress, a rat PTP was described which has 87% amino acid identity with ESP. Tyrosine phosphatase activity has been demonstrated for this molecule, named osteotesticular (OST)-PTP (Mauro et al., 1994) . It is likely that ESP is the mouse ortholog of OST-PTP.
ESP is expressed in ES cells and is down-regulated during differentiation
To generate the displays from differentiated cultures, ES cells were treated with 3-methoxybenzamide (MBA), an efficient inducer of ES cell differentiation in monolayer culture (Smith, 1991) . This was necessary to obtain differentiated cultures that were completely free of con-
A .
FOSll DiC2 To address the possibility that downregulation of ESP mRNA was not associated with ES cell differentiation but was a direct response to MBA, a timecourse study of ESP mRNA expression in a variety of ES cell differentiation regimes was performed.
ES cells were maintained as stem cell cultures in the presence of the cytokine differentiation inhibiting activity (DIA or LIF) or were induced to differentiate either by exposure to the chemical inducers MBA or retinoic acid (RA) or by simple withdrawal from DIA as described by Smith (1991) . Total RNA was then prepared at various time points and ESP mRNA detected by a sensitive RNase protection assay. The data presented in Fig. 3 show that steady state levels of ESP mRNA were markedly reduced in all three differentiation programs. Normalisation of the ESP signal relative to the glyceraldehyde 3-phosphate dehydrogenase (GAPdh) loading control by phosphorimage analysis (Fig. 3B ) confirmed the specific reduction of ESP transcript. Furthermore, the initial time course of ESP mRNA loss between the different treatments correlated with the degree of morphological differentiation (not shown). MBA is the most effective and rapid inducer of differentiation and withdrawal of DIA is least efficient (Smith, 1991) . ESP expression continued at a low level in cultures after 4 days in the absence of DIA. Northern analysis with a probe for the stem cell-specific transcription factor Ott-314 (Schtiler, 1991) confirmed the persistence of undifferentiated ES cells in these cultures, as has been described previously (Rathjen et al., 1990; Smith, 1992) .
ESP mRNA expression in early development
Interestingly, ESP transcripts were also present in fully The potential relevance of ESP expression in ES cells differentiated cultures generated by MBA treatment. Octto early embryogenesis was investigated by RT-PCR 3/4-expressing cells could not be detected in this latter analysis. Primers located in separate exons of the ESP population (not shown). Thus, whilst ESP mRNA is gene (unpublished data) were selected so that the authendown-regulated during ES cell differentiation, it can be tic RT-PCR product is distinct from any potential re-expressed in particular differentiated cell types.
genomic DNA amplification product. Pools of ten pre- RNA from pre-and early post-implantation embryos was analyzed by RT-PCR using ESP-specific primers KL3 and KL4. ES cell RNA samples with and without reverse transcriptase were included as positive and negative controls, respectively. One-fifth of each PCR was subject to electrophoresis, blotted and hybridised to an ESP probe. The autoradiograph was exposed for 30 min at room temperature.
implantation embryos each at the one-cell, two-cell, morula, blastocyst (3.5 days post coitum (dpc)) and fully expanded (4.5 dpc) blastocyst stages as well as pools of three postimplantation embryos at 5.5 dpc, 6.5 dpc and 7.5 dpc were subjected to analysis. Fig. 4 shows that after 30 cycles of PCR, ESP transcript was easily detected in all of these stages. Interestingly, ESP mRNA was detected in one-cell embryos. This finding indicates that ESP mRNA is a maternal message. The levels of ESP mRNA apparently decline by the morula stage before appreciable zygotic expression is detected in blastocysts.
Detection of ESP transcripts in early embryos is consistent with a role for the gene product in early development. Clues to its function may be provided by examining its spatial expression. Since ESP transcripts were readily detected by RT-PCR analysis of egg cylinder stage embryos, and in view of the relationship between ES cells and epiblast cells of the egg cylinder (reviewed by Smith, 1992) , whole-mount in situ hybridisation was employed to define the site(s) of expression of ESP during this stage of embryonic development. Two non-overlapping probes were used in these studies (see Section 4). Qualitatively identical results were obtained with either probe, both of which have been tested by hybridisation to mouse genomic DNA and RNA and do not cross-hybridise with other PTPs (not shown).
At 6.0 dpc, before any overt sign of gastrulation, ESP expression is detected uniformly in the epiblast (primitive ectoderm) (Fig. 5A) The latter gives rise to all somatic tissues of the embryo as well as to the germ line. Detection of ESP mRNA in the epiblast indicates that ESP expression in ES cells is not an artefact of in vitro culture. No expression is detectable in the visceral endoderm or in the extraembryonic ectoderm. ESP may thus be a useful marker for the pluripotential epiblast.
In primitive streak stage embryos (Fig. 5B) , ESP expression is seen in nascent embryonic mesoderm emerging from the streak and, anteriorly, in two bands of mesoderm on either side of the notochord. Transcripts are not detectable in either the notochord or the node. Sectioning of the stained embryos confirmed the localisation of expression in non-notochordal mesoderm (Fig. 6A) . No staining was seen in the visceral endoderm. Thus, during gastrulation ESP expression is lost from the epiblast but is activated in newly formed mesoderm. In early head fold stage embryos, mesodermal expression is maintained in the streak region and persists as two continuous wide bands on either side of the mid-line in the anterior of the embryo (Fig. 5C,D) . No hybridisation is apparent in a narrow strip extending from the neural groove to the node. Signal is also absent from somites. Sectioning of stained embryos confirmed expression in non-axial mesoderm with highest levels in the cranial mesoderm underlying the developing forebrain and future midbrain neuroectoderm (Fig. 6B) . By 8.5 dpc, when the regional diversity of non-notochordal mesoderm is fully established (see Section 3), ESP expression is down-regulated (Fig. 5E ).
Tissue distribution of ESP
The tissue distribution of ESP mRNA in adult mice was examined by RNase protection assay. The data presented in Fig. 7A show that ESP has a relatively restricted expression. Very high levels of ESP mRNA were found in ovaries and testes, intermediate levels in foetal calvaria and low levels in the adult femur, thymus and spleen. These findings are in broad agreement with Northern hybridisation data on the distribution of OST-PTP mRNA in rats (Mauro et al., 1994) with the exception that these workers did not observe ovary expression. To investigate the possible production of alternative transcripts, we carried out filter hybridisation with two ESP cDNA probes, one encompassing a portion of the extracellular domain and the other the cytoplasmic segment. Identical results were obtained with both probes. A major transcript of 5.9 kb was abundant in both ovary and testis. Interestingly, a larger message (6.8 kb) was detected in the thymus (Fig. 7B) .
ESP mRNA in the ovary and testis was at a sufficiently high level for localisation by in situ hybridisation. Parallel hybridisations with antisense to a non-expressed RNA (LzcZ) gave no appreciable background signal in either testis or ovary (not shown). In the testis, strong hybridisation to the ESP antisense riboprobe was detected in the primary spermatogonia occupying the basal compartment of seminiferous tubules of all stages (Fig. 8) . The resolution of the in situ hybridisation is not sufficient to determine whether Sertoli cells also express ESP. Hybridisation was not apparent in the intermediate and luminal compartments which contain more mature/differentiated germ cells including those undergoing meiosis (spermatocytes and later stages). In the ovary, ESP transcript was detected both in the oocyte cytoplasm and in the follicle (granulosa) cells (Fig. 9 ). Expression appears highest in the granulosa cells of early follicles with little or no signal in antral follicles. Hybridisation was not evident in the theta cells or in the ovarian stroma. 
Discussion
ES cells retain the properties of the pluripotential founder cells of the early mouse embryo and therefore provide a powerful in vitro system for identifying genes that are important for the control of stem cell fate during early mouse development.
In this paper, we have described the identification of a transmembrane PTP which is expressed in pluripotent undifferentiated ES cells. Treatments that result in differentiation of ES cells also reduce the abundance of ESP transcripts and this down- regulation occurs at an early stage in diverse in vitro differentiation programs.
ESP mRNA is present throughout pre-implantation development, and in the egg cylinder embryo is localised in the epiblast. The association with pluripotency is further substantiated by expression in 12Sd genital ridges (data not shown) and in germ cells in the adult. It will be of interest to determine whether ESP is present in primordial germ cells and is thus expressed continuously in the germline like the transcription factor Ott-3/4 (Scholer, 1991) .
During gastrulation, epiblast cells which are destined to become neuroectoderm or epidermis remain in the primitive ectoderm layer while those that will form mesoderm or endoderm ingress through the primitive streak (reviewed by Hogan et al., 1994) . In the gastrulating embryo, ESP mRNA is no longer found in the primitive ectoderm layer but becomes apparent in the newly formed mesoderm. ESP expression is maintained in non-axial mesoderm at the mid-late streak stage. Transcripts are not found in the node or notochord, nor in somites. In whole mount embryos, ESP mRNA hybridisation is seen in two bands extending on either side of the primitive streak and notochord. This is reminiscent of the expression of the fork head domain gene, MF-1 (Sasaki and Hogan, 1993) which is found in non-notochordal mesoderm (though, unlike ESP, is not detected in the primitive streak).
It is believed that mesodermal cells are initially developmentally labile. Newly formed mesoderm is thought to become committed to paraxial, intermediate and mediallateral fates at some point following the onset of MF-I expression (Sasaki and Hogan, 1993) . It is intriguing that ESP expression in mesoderm is transient so that by 8.5 dpc, when the regional diversity of non-notochordal mesoderm is fully established, ESP transcripts are no longer detectable, whereas MF-1 continues to be expressed. ESP may therefore be a marker of precommitted mesoderm.
The IN-111 repeats present on the predicted extracellular domain of ESP protein are suggestive of a role in cell adhesion or association with extracellular matrix proteins. These interactions may affect signal transduction by either activating or inactivating intracellular phosphatase activity; alternatively, enzymatic activity could be constitutive and interaction with an extracellular ligand may serve to localise or cluster the activity to specific membrane locations.
In the absence of information concerning the nature of the ligand of ESP, any model for its role in the embryo is speculative. It may be useful, however, to think in terms of a possible function as a cell adhesion receptor. The processes of cell division and cell migration require constant changes in cell adhesion (Hynes, 1994) . These changes are associated with tyrosine phosphorylation events mediated by PTKs. The finding that targeted disruption of focal adhesion kinase (FAK), a PTK believed to play a central role in cell adhesion, results in homozygous embryos with multiple mesodermal defects highlights the importance of tyrosine phosphorylation in early embryogenesis (Ilic et al., 1995) . A complementary involvement of PTPs in the mediation of intercellular interactions appears highly probable.
In conclusion, the regulated expression of ESP mRNA in the epiblast, in early mesoderm and in germ cells is suggestive of an important developmental role for the ESP gene product. In view of the predicted structure of the protein, it is possible that ESP may mediate cellular responsiveness to extracellular signals (whether in the form of a soluble or cell-surface ligand is currently unknown) by altering the phosphorylation status of particular intracellular substrate(s). The functional significance of the data will now be assessed by determining the effects of loss of expression and deregulated expression on growth and differentiation in ES cells and mice. 
Experimental procedures
ES cell culture, in vitro differentiation and RNA isolation
ES cells were maintained in medium containing 100 U/ml DIA in the absence of feeders as previously described (Smith, 1991) . To induce differentiation, homogeneous log phase cultures of undifferentiated cells were resuspended as single cell suspensions following trypsinisation and treated as follows.
Withdrawal from DIA
A total of 5 x lo5 cells were plated per 150 cm* flask in 50 ml medium without DIA.
Induction with RA
A total of 2 x lo6 cells were plated per 150 cm* flask in 50 ml medium without DIA. After 2-3 h, RA was added to a final concentration of 10y7 M. The medium was renewed 24 and 48 h later and fresh RA added. After 72 h, the medium was replaced with RA-free medium.
Induction with MBA
A total of 1.5 X lo6 cells were plated per 150 cm* flask in 50 ml medium without DIA but containing predissolved 6 mM MBA. The cultures were left undisturbed for 72 h, following which medium was replaced with fresh MBA-free medium.
For display analysis, cells were induced to differentiate by exposure to MBA for 60 h, following which they were cultured in MBA-free medium for an additional 12 h.
Total RNA was isolated from cells and tissues essentially as described by Chomczynski and Sacchi (1987) .
Generation of PTP gene family mRNA expression profiles
PTP gene family expression profiles were generated as previously described (Lee, 1996) . The degenerate primers used for amplification of PTP cDNAs were GGGAA'IT CAARTGYGMICARTAYTGGCC (5' primer) and CGG ATCCAYICCIGCRCTRCARTG (3' primer). These recognise, respectively, nucleotide sequences encoding the amino acid residues KCWDQYWP and HCSAGW Center for Biotechnology Information (Altschul et al., data) . 1990).
Cloning offull-length ESP cDNA
PTPAlull9 was labelled by random priming and used as a probe to screen 1 X IO6 recombinants each of a D3 ES cell cDNA library (H. Niwa, unpublished) and an AB 1 ES cell cDNA library (Chen et al., 1994) . Overlapping cDNAs were isolated; none of them extended beyond ESP nt 677. To clone the 5' end of ESP, RT-PCR was performed on 5 ,ug of ES cell total RNA using primers GGATGAGGCCCCTGATTCTGTTA (corresponds to nt -2 to +21 of rat OST-PTP cDNA) and AGGCGAAGGA AGGTGTGGGTI'GAGA (complementary to ESP nt 803-827). The expected -0.8 kb PCR product was subcloned. Sequencing was always performed on both strands of the cDNA using overlapping nested Exo III deletion subclones. Sequences were assembled and analyzed using the Lasergene suite of programs (DNASTAR Inc.). Database searches were performed using the
Ribonuclease protection assays
The ESP riboprobe is complementary to 276 bp of ESP cDNA (corresponding to nt 2614-2890) encoding part of the extracellular domain. The template for synthesis of this probe was a gel-purified 0.5 kb PvuII-Hind11 fragment which gives a full-length probe of 329 bp with T3 RNA polymerase. The GAPdh loading control probe has previously been described (Robertson et al., 1993) and gives a protected fragment of 220 bp. Ribonuclease protection assays (Krieg and Melton, 1987) were performed on 1Opg (for cells) or 2Opg (for tissues) of total RNA with 32P-labelled antisense ESP (350 000 cpm) and GAPdh (50 000 cpm) added to each RNA sample. Following overnight hybridisation at 55'C in the presence of 80% formamide and 1 X hybridisation buffer (0.4 M sodium chloride, 40 mM PIPES pH 6.4, 2 mM EDTA), RNA hybrids were digested with 14pg RNase A and 245 U RNase Tl (BRL) in a 380~1 reaction at 37°C for 30 min. Protected fragments were analyzed on a 6% polyacrylamide-8 M urea sequencing gel which was dried before autoradiography.
Size ladders were Ml3 'T' and 'A' sequencing tracks primed with universal primer. 4.5. Embryo RNA preparation and RT-PCR assay for ESP transcripts
Embryos and dissection
Embryos were obtained from the matings of the outbred strain MFl. Noon on the day of appearance of the vaginal plug is taken as 0.5 dpc. Preimplantation embryos were harvested by flushing oviducts or uteri according to the stage required. Cumulus cells were removed from eggs by hyaluronidase treatment and zonae pellucidae were lysed by incubation with acid tyrode. For postimplantation embryos, egg cylinders were dissected free from Reichert's membrane and the ectoplacental cone.
RNA preparation
Embryos were dissected in batches and transferred to denaturing solution (4 M guanidine thiocyanate, 25 mM sodium citrate, 100 mM 2-mercaptoethanol, 0.5% Nlauroyl sarcosine), vortexed, then snap frozen in liquid nitrogen and stored at -80°C. Upon thawing, embryos of the same stage were pooled and denaturing solution added to a final volume of 300@. Addition of tRNA (5 pg) was followed sequentialfy by 30~1 of sodium acetate (pH 4.0), 300 ,ul DEPC-water-saturated phenol and 60 ,ul chloroform with vortexing. After centrifugation, the aqueous phase was collected and RNA precipitated with ethanol. RNA was resuspended in DEPC-treated water at ten preimplantation or three postimplantation embryo equivalents per ~1.
RT-PCR
RT using 1~1 of embryo RNA was performed in a 20~1 reaction at 37°C for 30 min using 100 pmol random hexamers and 200 U Moloney-Murine Leukemia Virus reverse transcriptase in the presence of 20 U placental RNase Inhibitor (Boehringer), 1.0 mM dNTPs and 1 x PCR buffer (50 mM KCl, 10 mM Tris-Cl (pH 9.0), 0.1% Triton X-100, 2.5 mM MgClz). At the end of RT, samples were heated at 95°C for 5 min and then held at 54°C. ESP was amplified by adding, to each RT reaction, 80~1 of a 1 X PCR buffer (heated at 94°C for 5 min and cooled to 54'C) containing 100 pmol each of the specific primers KL3 (GTTGATGCCTTACAACCTGTGGCG) and KL4 (AGCTGCTT'CACGCGCCTCTGTI' ) plus 2 U Taq polymerase. Thirty cycles were performed of 45 s at 72"C, 30 s at 94°C and 30 s at 54°C. One-fifth of each PCR was resolved by electrophoresis on 2% agarose gels, transferred to nylon membrane and hybridised to a [32P]dCTPlabelled ESP cDNA fragment.
Whole-mount in situ hybridisation
Embryos
Embryos from 6.0 to 8.5 dpc were recovered from MFl matings, dissected from the uterus and Reichert's membrane reflected. Embryos were classified under the dissecting microscope as mid-late streak if the mesoderm had extended more than 50% of the posterior side.
Probes
Two ESP-specific antisense riboprobes were used in this study, one complementary to ESP nt 677-1569 and the other to ESP nt 2614-3448. As a negative control, a sense probe was used. In all cases, digoxygenin labelling was performed at 37°C for 2 h in a 50 ,ul reaction containing 4pg of the linearised plasmid, 50 U placental RNase inhibitor (Boehringer), 10 ~15 X NTP mix (5 mM each of ATP, CTP and GTP, 3.25 mM UTP and 1.75 mM DIG-1 I-UTP), 5 ~1 10X transcription buffer (400 mM Tris, pH 8.0, 60 mM MgCl*, 100 mM DTT, 20 mM spermidine, 100 mM sodium chloride) and 50 U T3 RNA polymerase. The plasmid was then digested with 20 U of RNase-free DNase I for 15 min at 37'C. Following ethanol precipitation, the riboprobe was resuspended in 50~1 DEPCtreated water.
Whole-mount in situ hybridisation and sectioning of stained embryos
This was performed according to an updated version of a published protocol (Wilkinson, 1992) provided by Dr David Wilkinson. For 6.0-8.5 dpc embryos, the duration of treatment with proteinase K treatment (lO~g/ml) is critical. The optimal digestion time was found to be between 5 and 10 min. Hybridisation (with the probe at a concentration of 1 pg/ml) and post-hybridisation washes were performed at 55'C. The antibody was sheep anti-DIG Fab conjugated to calf intestinal alkaline phosphatase (Boehringer) and was always allowed to preadsorb overnight with embryo acetone powder prior to use. Heat-inactivated sheep serum was used for diluting the antibody and for blocking non-specific sites in the embryos. The post-antibody washes were always extended overnight before application of the alkaline phosphatase substrate (NBT and BCIP from Boehringer).
In situ hybridisation to testis and ovary sections
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